We report a blue emission upconversion solid-state laser based on Tm3÷:YLF. Under doubleresonance excitation at 780.8 nm (near-fr) and 648.8 nm (red), the Tm3 ion is sequentially excited from the 3H6 ground state to the 'D2 excited state through the 3H4 intermediate level. The laser output at 450 and 453 nm corresponds to the 'D2 -3F4 transitions of Tm3÷ ions in YLF.
THULIUM UPCONVERSION LASER ACTION AT 77 K
The thulium upconversion laser is pumped by a two-step process involving one photon in the near-fr at 780.8 nm and one in the red at 648.8 nm. The laser material, a crystal of yttrium lithium fluoride (YLF), is 1 cm long and doped with trivalent thulium ions at nominally 1 at.% dopant level. The laser resonator ( Fig. 1) consists of a total reflector and a 10% output coupler at 450 nm. Both mirrors have a 10-cm radius of curvature. The two pump beams are collinearly directed through the total reflector and focused to a spot 250 p.m in diameter inside the crystal. For the first demonstration two Nd:YAG-pumped dye lasers serve as the pump sources. Because the pulse widths of these dye lasers are less than 10 ns, optical damage to the Tm3:YLF crystal limits the excitation fluence to less than 10 J/cm2. As a result, the crystal is kept at liquid nitrogen temperature to increase Tm3÷ peak absorption and stimulated emission cross-sections so that lasing can be achieved at a low pump level. The upconversion excitation for the blue emission laser is shown in Fig. 2 . Under itpolarized excitation at 780.8 nm, the Tm3÷ ion is excited from a crystal field level (30 ciii') of the H6 ground manifold to the H4 intermediate level. There, it is excited to the 'D2 upper laser level by a second red photon, also it-polarized, at 648.8 nm. The fluorescence lifetime of the 'D2 upper laser level is 59 ts for a 1.5% thulium concentration at 77 K. In the absence of lasing, the excited Tm ions undergo radiative 'D2 -F4 transitions with a branching ratio of49.1% and give rise to several fluorescence lines around 445-455 nm (Fig. 3) . These fluorescence lines correspond to the electric dipole allowed transitions consistent with the S4 point group assignment made by Jenssen et al. ' 2 We have remeasured the energy levels of Tm3 in YLF and assigned these fluorescence lines as shown in Fig. 4 .
With. the resonator described above, we achieved laser action as a coherent blue laser beam at 450.2 nm at 77 K. This wavelength corresponds to two transitions, one ic-polarized corresponding to a transition from the lowest I' level of the 'D2 manifold to the second lowest f1 level, and the other apolarized corresponding to a transition from the lowest F'2 level of the 'D2 manifold to the lowest IT34 level of the F4 manifold (Fig. 4) : _ content of the output beam. The sequential excitation scheme is supported by temporally delaying the 648.8 nm pulse with respect to the 780.8 nm pulse. With two-color excitation, the maximum output is achieved when the red pulse is delayed by approximately 25 ns. The output is a self Q-switched, 1O-ns pulsewith a cavity buildup time that varies between 40 and 200 ns after the red beam, dependent upon the incident powers. From the buildup time of the laser cavity and the estimated cavity loss, we deduced a gain per pass of 0.4 per cm." Independent kinetic calculations based on rate equations yield a value of the excited population of --0.01 at.% or 1.37 x 1018ions/cc. This translates into a peak stimulated emission cross section of 2.9 x 10's cm2. 
TEMPERATURE DEPENDENCE OF FLUORESCENCE LIFETIME
To evaluate the potential for room temperature laser action, we measured the fluorescence lifetime of the 'D2 upper laser level as a function of temperature. The results are plotted in Fig. 6 . After an initial drop in fluorescence lifetime at temperatures below 100 K, the 'D2 fluorescence lifetime remains relatively constant up to 300K. Assuming a simple thermally activated quenching process, one can relate the fluorescence lifetime to temperature by the following expression, A curve fit of the fluorescence lifetime data to the above expression yields a fluorescence lifetime at 0 K, of 77.4 1 .4 .ts and an activation energy AE of 3 1 .9 5.1 cm-'. Since the energy gap between the 'D2 level and the next lower level, '04, is more than 6,000 cm', several times the effective phonon energy of YLF (400 cm1),13 one expects the rate of multiphonon relaxation to be negligible. The initial rapid drop in fluorescence lifetime can be attributed to a cross relaxation mechanism that involves two thulium ions, one in the ID2 manifold and the other in the H6 ground manifold, cross relaxing to the intermediate 3H4 and 3F2levels. These near resonant transitions require a thermal population in the crystal field levels 30 cnr' above the lowest level of the 'D2 and 3H6mani-folds. This cross relaxation mechanism can become quite effective in quenching the 'D2 level at concentrations above 3%. A careful study of these excited state dynamics is being prepared for publication elsewhere.
ROOM-TEMPERATURE UPCONVERSION LASER ACTION
Since the 'D2 fluorescence lifetime is relatively constant between 75 and 300 K, the fluorescence quantum efficiency is not significantly degraded. Therefore, it should be possible to obtain room temperature laser action if we can match the pump pulse length to the fluorescence lifetime, which is 53 p. Temperature (°K) temperature laser action in Tm3:YLF with direct excitation using the 353-nm output of an electronbeam pumped XeF laser.'4 To achieve room temperature upconversion laser action, we used two flashlamp-pumped dye lasers to excite the upconversion laser. The output pulse widths of these dye lasers are approximately 0.8 p.s and the spectral bandwidth is about 0.6 nm. The Tm3÷:YLF crystal used in this roomtemperature upconversion laser demonstration is 2 cm long and has a 1.5% Tm dopant level. The room-temperature upconversion laser resonator is the same as in the 77 K laser, except the output coupling is reduced to 5% (95% reflecting mirror). The dye laser beams are focused to a spot about 1 mm (FWHM) in the crystal. With this setup, we have obtained room temperature laser action in Tm3÷:YLF with -30 mJ excitation from each dye laser. At pump fluence above -2.6 J/cm2, a bright coherent blue beam is observed. This output at 453 nm also corresponds to the same 'D2 -F4 transition but involves different crystal field levels. As shown in Fig. 4 , the room temperature laser transitions are from the F34 level of the 'D2 manifold to the highest I level and the highest IT34 level of the F4 manifold. The results of 77 K and room temperature upconversion laser action of Tm3:YLF are summarized in Table I . 
CONCLUSION
In summary, we have demonstrated blue-emission upconversion laser action in Tm3÷:YLF both at 77 K and room temperature. The output wavelengths are 450 and 453 nm for upconversion laser action at 77 K and 300 K, respectively. With excitation pulse length comparable to the fluorescence lifetime of thulium, the optical damage threshold of YLF is expected to be much higher than the lasing threshold fluence, thus reliable upconversion laser performance can be expected.
Future work is directed toward improving the pump geometry and reducing cavity loss to obtain better efficiency and higher output energy.
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